PURPOSE. Disruption of external limiting membrane (ELM) integrity on spectral-domain optical coherence tomography (SD-OCT) is associated with lower visual acuity outcomes in patients suffering from diabetic macular edema (DME). However, no automated methods to detect ELM and/or determine its integrity from SD-OCT exist.
D
iabetic macular edema (DME) is the primary cause of vision impairment in patients suffering from diabetes. 1, 2 Typically, abnormal accumulation of advanced glycation end products leads to the disruption of the blood-retinal barrier, causing interstitial fluid accumulation, 3 swelling and thickening of the macular layers, and finally damage to central vision. 4, 5 The external limiting membrane (ELM) is a structure that separates the inner segments from the outer nuclear layer, where the Müller cells are joined to the photoreceptor cells. The ELM serves as a skeleton to keep the photoreceptors aligned. 6 The ELM has been hypothesized to maintain a protein balance between the photoreceptor layer (ISL) and the outer nuclear layer (ONL). 7 Recently, several studies have shown that ELM interruptions visible on spectral-domain optical coherence tomography (SD-OCT) are associated with lower visual acuity outcome in patients with clinically significant DME (CSME). [8] [9] [10] [11] Possibly this is because the integrity of the ELM has a critical role in restoration of the photoreceptor microstructures and alignment. [12] [13] [14] Earlier reported approaches [15] [16] [17] relied on manual tracing of the corresponding surface or on detecting ELM on 2-D B-scans. However, such studies rely on manual interpretation of the state of the ELM, and high intraand interobserver variabilities are likely. Automated 3-D analysis of the ELM is of high interest because of its potential to elucidate structural abnormalities with minimal variability and possibly predict visual outcomes in DME. The purpose of the present study was to describe a novel and fully automated method to quantify the 3-D integrity of the ELM in patients with CSME and in normal subjects. This pilot study showing differences between 16 normal controls and 16 CSME patients was included mainly to demonstrate the practical feasibility of the presented methodology and provide preliminary comparisons between these two groups of subjects. Larger studies will follow.
METHODS

Subject and Data Collection
Sixteen subjects diagnosed with clinically significant DME based on stereo biomicroscopic examination by retinal specialists underwent macula-centered SD-OCT imaging (Spectralis; 512 3 19 3 496 voxels; Heidelberg Engineering, Vista, CA). SD-OCT scans were also acquired from 16 
ELM Layer Segmentation
The OCT volume was first segmented automatically using our established multilayer graph-search approach, 18-22 yielding 11 surfaces. Once segmented, the subvolume containing the ELM region between surfaces 6 and 11 (region between the outer plexiform layer [OPL] and the ONL) was flattened based on the segmented retinal pigment epithelium (RPE) surface. The ELM is located between surfaces 6 and 7. Due to the abnormality of the data, the layer segmentation on CSME data sets may be problematic for surfaces 7 and 8, while the result for RPE layer is quite robust (see Fig. 1 ). Therefore, flattening was consistently based on the segmented RPE layer. ) ; and the fourth column shows the surface view of disruption area (indicated by yellow). The top and bottom rows show the results for normal and CSME subjects, respectively.
Subsequently, an edge-based graph-search surface-detection method 18 was employed to segment the ELM layer on this subvolume. It is important to notice that the layer segmentation is based on a graphsearch method that has been successfully validated. [18] [19] [20] [21] [22] Specifically, for the ELM layer segmentation, the region features (gradient, surface constraints, and anatomic relationship) were effectively integrated into the graph-search cost function to improve the layer segmentation performance.
ELM Disruption Area Detection
After detection of the ELM layer, each ELM A-scan is classified as disrupted or nondisrupted based on the textural and morphologic properties in the vicinity of the ELM surface. A standard normalization procedure is performed to enhance the original OCT images. Six texture features were selected for classification: intensity, gradient, local variance, local intensity orientation, local coherence, and retinal thickness. The intensity represents the voxel's gray intensity level; the gradient represents the intensity difference between the voxel and neighbor voxel; the local variance measures the variance of the intensity at the local region centered around the voxel (region of 333 voxels); the local intensity orientation measures the intensity distribution shape at the local line (perpendicular to the ELM layer orientation) centered around the voxel (line length: 7 voxels), which should be similar to Gaussian shape (higher in the center and lower at both ends); the local coherence measures the coherence of the intensity at the local region centered around the voxel (region of 3 3 3 voxels); and the thickness is defined as the distance from the top surface of RNFL (retinal nerve fiber layer) to the bottom surface of RPE. A disruption probability function based on these six features is established as follows:
PðxÞ ¼ a 1 Á P intensity ðxÞ þ a 2 Á P gradient ðxÞ þ a 3 Á P variance ðxÞ þ a 4 Á P orientation ðxÞ þ a 5 Á P coherence ðxÞ þ a 6 Á P thickness ðxÞ ð1Þ P intensity ðxÞ ¼ exp À I x l I À r I ð2Þ 
In the above equations, a 1 through a 6 are coefficients with a 1 þ a 2 þ a 3 þ a 4 þ a 5 þ a 6 ¼ 1, which are the weights for P intensity (x), P gradient (x), P variance (x), P orientation (x), P coherence (x), and P thickness (x); l I and r I represent the mean and standard deviation of the intensity derived from all voxels of the ELM layer; l gradient and r gradient represent the mean and standard deviation of the gradient derived from all voxels of the ELM layer; l variance and r variance represent the mean and standard deviation of the variance derived from all voxels of the ELM layer; region x represents the local neighborhood of x (in this work, 3 3 3 neighborhood was used); FIGURE 7. ELM disrupted area detection results (indicated by yellow spots) on all 16 normal subjects in full-resolution Cirrus image data. Numerous pinpoint areas of 50 to 100 lm 2 ELM disruption exist, but no larger disruption areas were found.
dða; bÞ ¼ 1 if Pða < bÞ 0 otherwise ; & P yÈregionx dðI y ; l I À r I Þcomputes the number of voxels with intensity below the threshold (l I À r I ); N represents the total number of voxels in the local region (here, N ¼ 9); thickness x represents the total retinal thickness (from top of RNFL to bottom of RPE) at location x; thickness max represents the maximum of retinal thickness for the entire retina (maximum of thickness x for all locations x); and r T represents the standard deviation of the total retinal thickness (from the top of RNFL to the bottom surface of RPE).
Then, the disruption classification function is defined as follows:
where T is a predefined threshold value. The vessel silhouettes cause the ELM layer to have low intensity under the vessels (see Fig. 2 ), causing voxels in these regions to be initially classified as disrupted. After the detection of disruption areas, the vessel silhouettes were identified by our vessel detector, 23 and the resulting vessel segmentation was used as masks to remove false detections.
Data Analysis
The OCT volumes of normal subjects were down-sampled in the y direction (direction of B-scan lines) to match the voxel size (240 lm) in the volumes of the subjects with CSME. Mean and 95% confidence interval of the detected disruption region volume was compared between the normal, normal down-sampled, and CSME subjects. Student's paired t-test was used to assess statistical significance of the area differences of disrupted regions of the ELM for the two groups of subjects. Three different threshold values of T (T ¼ 0.4, 0.5, and 0.6) were applied to compute the disruptions as percentage over the whole volume, which aims at showing the robustness of the proposed method irrespective of T. Figure 3 shows the ELM layer segmentation, disruption area detection results, and surface views of the disruption areas on normal and CSME subjects. Figure 4 shows another example of ELM disruption area detection results on a subject with CSME with thickness information. The detected disruption region volume comparison on normal, normal down-sampled, and CSME subjects at three different threshold values, 0.6, 0.5, and 0.4, is shown in Figure 5 . The mean and 95% confidence interval of the detected disruption volumes for normal, normal down-sampled, and CSME subjects (T ¼ 0.5) were mean normal ¼ 0.00087 mm 3 and CI normal ¼ (0.00074, 0.00100), mean normal-ds ¼ 0.00076 and CI normal-ds ¼ (0.00063, 0.00089), and mean CSME ¼ 0.00461 mm 3 and CI CSME ¼ (0.00347, 0.00576) mm 3 , respectively. The paired t-test demonstrated strong statistical significance of the volume differences between the ELM disruption areas detected for CSME subjects and normal controls (both full-resolution and down-sampled, P < 0.001), while the area differences between the full-resolution and down-sampled normal image subjects were not statistically significant. Figure 6 shows the disruption voxel percentages in the ELM layer for normal, normal down-sampled, and CSME subjects at three different threshold values, T ¼ 0.6, 0.5, and 0.4. Figures 7  through 9 show all examples of the ELM disrupted area detection results on the normal, normal down-sampled, and CSME subjects.
RESULTS
DISCUSSION
We have developed and evaluated an automated method to quantify the 3-D integrity of the ELM in patients with CSME and in normal subjects. The results of this preliminary study show that in patients with CSME, large areas of disrupted ELM exist (Fig. 9) , while in normal subjects the ELM is mostly continuous, and large disrupted areas do not exist. An unexpected finding was, however, that numerous small pinpoint areas of 50 to 100 lm 2 ELM disruption were detected in normal subjects. The impact of this finding is not clear at this moment.
The classification of the ELM disruption area is based on texture and morphologic features. In this study, a threshold value of T was used for the disruption area classification. Three different threshold values of T were applied to compute the disruption volume as the percentages over the whole volume. Figure 7 demonstrates that the differences between disruption area sizes obtained from the normal and CSME subjects are very consistent regardless of the value of T. This observation demonstrates that the proposed method is robust with respect to the chosen values of T.
Because the resolution of normal data in the y direction is much higher than that of the CSME subjects, we have downsampled the normal OCT scans in the y direction to produce the same resolution (240 lm) as was achieved by clinical scanning in the CSME subjects. The experimental results in Figures 6 and 7 show that the disruption detection results are consistent for the normal and normal down-sampled subjects.
There are several shortcomings in this study. The study did not address the clinically more important question whether the ELM quantitative measures developed here correlate with visual acuity and visual outcome. The goal of this study was to demonstrate the development of this new quantitative technique, but a much larger study is needed to determine the association, if any, of these measures to visual acuity and visual outcome of CSME. First, the number of subjects was too small to allow determination of the performance of the proposed method. Second, there is no ground truth for the estimation of ELM disruption area, so the correlation analysis between the proposed method and the expert cannot be performed.
To our knowledge, this is the first method reported in the archival literature for automated and quantitative detection of ELM disruption areas in retinal OCT images. If our preliminary results can be confirmed in a larger study, algorithms to FIGURE 9. ELM disrupted area detection (in yellow) on all CSME subjects. Large areas of disrupted ELM are visible.
automatically estimate the ELM disruption area from SD-OCT have the potential to improve the management of patients with CSME.
In summary, in this preliminary study, we have developed a method for automated estimation of ELM disruption areas. The results showed that the detected ELM layer disruption is significantly larger in subjects with CSME than in normal subjects (P < 0.001). We have started determining the relationship of ELM disruption measures to visual acuity in patients with CSME.
